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In many daily activities, and especially in sport, it is necessary to predict the effects
of others’ actions in order to initiate appropriate responses. Recently, researchers have
suggested that the action–observation network (AON) including the cerebellum plays
an essential role during such anticipation, particularly in sport expert performers. In the
present study, we examined the influence of task-specific expertise on the AON by
investigating differences between two expert groups trained in different sports while
anticipating action effects. Altogether, 15 tennis and 16 volleyball experts anticipated
the direction of observed tennis and volleyball serves while undergoing functional
magnetic resonance imaging (fMRI). The expert group in each sport acted as novice
controls in the other sport with which they had only little experience. When contrasting
anticipation in both expertise conditions with the corresponding untrained sport, a
stronger activation of AON areas (SPL, SMA), and particularly of cerebellar structures,
was observed. Furthermore, the neural activation within the cerebellum and the SPL
was linearly correlated with participant’s anticipation performance, irrespective of the
specific expertise. For the SPL, this relationship also holds when an expert performs a
domain-specific anticipation task. Notably, the stronger activation of the cerebellum as
well as of the SMA and the SPL in the expertise conditions suggests that experts rely
on their more fine-tuned perceptual-motor representations that have improved during
years of training when anticipating the effects of others’ actions in their preferred
sport. The association of activation within the SPL and the cerebellum with the task
achievement suggests that these areas are the predominant brain sites involved in
fast motor predictions. The SPL reflects the processing of domain-specific contextual
information and the cerebellum the usage of a predictive internal model to solve the
anticipation task.
Keywords: sports-related anticipation, motor expertise, cerebellum, superior parietal lobe, functional magnetic
resonance imaging
INTRODUCTION
One can think of many different situations where it is a crucial
skill to anticipate what is going to happen next. For example, a
car driver has to anticipate whether a person approaching a pedes-
trian crossing is going to cross the street or not, surgeons have to
be aware of the upcoming actions of their colleagues in the oper-
ating theater, whereas a goalkeeper in soccer has to identify the
shoot direction of a penalty taker as soon as possible. For the last
example, researchers have shown that the ability to anticipate the
effect of the observed actions is paramount to successful perfor-
mance (Savelsbergh et al., 2002; Williams et al., 2011). Fast ball
sports, like tennis or volleyball, provide perfect tasks to investi-
gate the processes underlying the anticipation of action effects as
well as the influence of the athlete’s prior perceptual and motor
experience. In these kinds of sports, one can find many situa-
tions where athletes are under enormous time pressure and have
to decide on an appropriate response even before the opponent
has finished his/her action, as can be seen during the tennis return
of serves with above 200 km/h for example (Williams et al., 2011).
Over the last few decades, numerous researchers have shown that
experts outperform novices when anticipating their opponents’
actions (e.g., Singer et al., 1996; Abernethy et al., 2001; Rowe and
McKenna, 2001; Williams et al., 2002; Cañal-Bruland et al., 2011;
for a review, see Williams et al., 2011). The results indicate that
experts rely on information visually conveyed by the kinematics
of their opponent’s action ahead of a key event such as ball-racket
or ball-foot contact, (Abernethy and Russell, 1987; Aglioti et al.,
2008; Huys et al., 2008; Williams et al., 2009; Urgesi et al., 2011).
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On the neural level, the action observation network (AON)
is supposed to play a crucial role in the perception of another
person’s action. This network comprises all brain areas that
are activated by the mere observation of actions (Cross et al.,
2009). A meta-analysis of 104 studies revealed enhanced activa-
tion during the observation of hand movements in the inferior
frontal gyrus (BA 44/45), the dorsal premotor cortex (dPMC),
the inferior parietal cortex (IPL), the superior parietal cortex
(SPL), the inferior parietal sulcus (IPS), the primary somatosen-
sory cortex (SI), the posterior medial temporal gyrus (pMTG),
the fusiform face/body area (FFA/FBA), and the visual area V5
(Caspers et al., 2010). Furthermore, an activation of the cerebel-
lum during action observation has been reported by numerous
researchers (Buccino et al., 2004; Gallagher and Frith, 2004;
Gazzola et al., 2007; Gazzola and Keysers, 2009; Pilgramm et al.,
2010; Molenberghs et al., 2012; Balser et al., 2014). These data
indicate that the cerebellum is part of the AON as well (Calvo-
Merino et al., 2006). The AON, however, seems to be a dynamic
and experience-related system. In this regard, Calvo-Merino et al.
(2006) examined male and female ballet dancers who were
observing gender-specific dance videos. They found stronger acti-
vation in the cerebellum and other areas within the AON, namely
the dPMC and the IPS, when dancers saw dancing steps from their
own motor repertoire compared to moves of the other gender
with whom they had only visual familiarity. These results indi-
cate that motor expertise has an influence on the neural processes
in the cerebellum and the whole AON.
One of the various functions that are discussed for the AON
is the anticipation of the consequence of an action (Gazzola
and Keysers, 2009; Zentgraf et al., 2011) which might be the
next action step or the environmental effect of an action. Thus,
activation within this network is associated with anticipation in
everyday actions (Stadler et al., 2012; Avenanti et al., 2013) and
in sports-related actions (Wright et al., 2010, 2011; Abreu et al.,
2012; Bishop et al., 2013; Balser et al., 2014). The specific role
of the SPL and the cerebellum during an anticipation task was
reported in a study conducted in our laboratory (Balser et al.,
2014). During anticipation, tennis experts showed an enhanced
activation in IFG and SPL, as well as a strong activation increase in
numerous parts of the cerebellum, more precisely in Crus I, Crus
II, Lobule VII and Lobule VIII. Furthermore, the data revealed
that the neural activation of the SPL and parts of the cerebel-
lum co-varies linearly with anticipation performance. The latter
results indicate that posterior parietal and cerebellar areas of the
AON are actually involved in the anticipation of action effects, as
the performance-related activation increase was specific to these
areas (Balser et al., 2014). A potential role of the SPL during action
prediction is the storage of internal models and perceptual-motor
representations (Winstein et al., 1997;Wolpert et al., 1998a; Miall,
2003; Rizzolatti andMatelli, 2003). As posterior parietal areas, the
cerebellum is described as a principal brain structure for the stor-
age of internal forwardmodels that predict the outcome of actions
(Wolpert et al., 1998b; Imamizu et al., 2000; Bastian, 2006; Miall
and King, 2008; Synofzik et al., 2008).
One of the shortcomings that apply for most of the previ-
ous studies examining expert-novice differences is related to the
population investigated. In many studies experts are compared to
novices that did not only fail to exhibit expertise in the particular
sports that is investigated, but that also differ in principle with
respect to any anticipation experience (Wright et al., 2010, 2011;
Abreu et al., 2012; Balser et al., 2014). In this case, differences
between experts and novices could be caused many different fac-
tors such as unfamiliarity with the task which requires attentional
resource allocation, decision-making under time pressure etc. In
the present study, these problems have been addressed by com-
paring expert athletes from two different sports that both imply
anticipation expertise, but expertise only for a specific sport.
Therefore, this study differs markedly from prior studies as we
examine two different expert groups during the anticipation of
an opponent’s action in tennis and volleyball to better understand
the role of the AON and of the cerebellum. This approach allows
us to examine in a within-subject design whether anticipation of
action effects recruits areas of this network depending on the very
specific representations of the observedmovement in the subject’s
personal motor repertoire.
We applied a 2 × 2 design with two different expertise groups
(between-subject condition: tennis experts vs. volleyball experts)
anticipating serves from two types of sports (within-subject con-
dition: tennis serves vs. volleyball serves). All participants watched
video clips of serves in their particular sport of expertise as well as
in the sport with which they had only little experience. Thus, we
compared two expert groups who both had exceptional anticipa-
tion skills in their specific domain of expertise but who were at the
same time novices in the other sport. In both groups, the instruc-
tion was to anticipate the direction of the serves (left vs. right)
that were occluded at the moment of ball–racket or ball-hand
contact respectively. Based on prior studies on perceptual-motor
representations, we expected stronger activation in areas of the
AON and the cerebellum in athletes with high expertise compared
with novices. Second, we expected a performance-dependent acti-
vation increase in motor experts which co-varies with the task
performance within the AON that were suggested to contain well-
defined perceptual-motor representations. Likely candidates are
posterior parietal and cerebellar structures, as these areas are asso-
ciated with the storage of internal models that support predictive
motor control.
MATERIALS AND METHODS
PARTICIPANTS
All thirty one participants were right-handed according to the
Edinburgh Handedness Inventory (Oldfield, 1971). They had
normal or corrected to normal vision and had not reported any
history of psychiatric or neurological disorders or current use
of psychoactive medication. The sample consisted of 15 tennis
experts (8 female, mean age = 23.87, SD = 5.26) and 16 volley-
ball experts (8 female, mean age = 25.69, SD = 4.19). All thirty
one experts were playing in one of the four highest level leagues
in Germany in their respective sport and had experience only at
a recreational level in the sport in which they were not an expert.
Tennis experts had played an average of 461 (SD = 222) tourna-
ment matches in a mean time period of 16.67 (SD = 5.94) years,
volleyball experts had a mean experience of 12.69 (SD = 5.33)
years and 343 (SD = 215)matches. Both groups did not differ sig-
nificantly in any of the reported characteristics. Participants were
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paid and gave their informed written consent in accordance with
the Declaration of Helsinki. The study was approved by the local
ethics committee (LEK FB06, 2011–0026) at the lead institution.
STIMULI
Participants observed 128 stimulus videos with a duration rang-
ing from 2.9 to 4.6 s. Half of them showed tennis and volleyball
serves performed by a male and a female right handed model
from each sport that were playing on the same level as the cor-
responding expertise group in our study. The tennis as well as
the volleyball serves were all stopped at ball-racket or ball-hand
contact respectively. For the videos of the tennis serves, the cam-
era was placed right before the baseline at a position that is
typical for a player waiting to return the opponent’s serve (cf.
Figure 1A). To simulate the situation of a volleyball player waiting
to receive an opponent’s serve, for the volleyball serves the cam-
era was positioned 6m behind the net in the middle of the field
(cf. Figure 1B). One half of the 32 video clips from each sport
showed serves to the left-hand corner and one half showed serves
to the right-hand corner of the volleyball field or to the right ser-
vice box of the tennis court respectively. The remaining 64 video
clips displayed the two models of both sports bouncing a ten-
nis ball with their racket respectively a volleyball with their right
hand standing at the baseline (cf. Figures 1C,D). All stimuli were
recorded using a Basler avA 1600—50 gc (Basler AG, Ahrensburg,
Germany) video camera with a sampling rate of 35 fps.
The 128 video clips were presented at a resolution of 1024 ×
768 pixels with a PC running Presentation software (Version 12.9,
Neurobehavioral Systems, Albany, USA) and projected onto a
screen behind the scanner so that the participants could watch
them via a mirror attached to the head coil (visual field 188mm
in the horizontal and 168mm in the vertical plane, rectangu-
lar aperture; visual angle approximately 18◦ horizontal and 11◦
vertical).
TASK
Participants had to respond to four different conditions. In the
Tennis Anticipation condition, they watched tennis serves and
were asked to anticipate the direction of the observed serve and
subsequently indicate the perceived flight direction of the ball. In
the Volleyball Anticipation condition, participants watched vol-
leyball serves with the same instruction. In both anticipation
conditions, the response was given by pressing the left or right
button on a two-button response box. The left button indicated a
ball flying to the left-hand corner and the right button a ball fly-
ing to the right-hand corner. To control for effects due to visual
stimulation and the observation of biological movements, we
added a Tennis Observation and a Volleyball Observation condi-
tions including the same two models in the same visual setting
without any instruction for explicit anticipation. The task in
these two observation only conditions was to observe the mod-
els bouncing the ball with their racket or their hand respectively
and to press the left or right button immediately after the video.
The instruction text indicated which button to press before each
video. All responses in this study included motor reactions after
the respective observation condition. The ratio of correct left and
right reactions was balanced across all four conditions.
PROCEDURE
Participants were given instructions for the experimental condi-
tions illustrated with sample videos and figures. Before the start
of the fMRI experiment, participants completed a short training
session with two videos for each experimental condition to ensure
their full understanding of the tasks. These videos were not used
in the fMRI session. While lying in the scanner, participants had
to complete 128 trials resulting in a total duration of 34min for
the whole experiment. The order of the trials was randomized for
each participant. Every trial started with a black screen for 1 s, an
instruction for 3 s and a fixation cross for another 5 s. The fol-
lowing presentation of the video sequence lasted 2.9–4.6 s. The
screen turned blank instantaneously after the video presentation.
The participants were instructed to give their response as quickly
as possible by pressing the left or the right button on the response
box with the index and middle finger of their right hand. When
a button was pressed, the given response was displayed on the
screen for the rest of the available response time (3 s). During the
whole experiment, participants did not receive any feedback on
their performance.
BEHAVIORAL DATA ACQUISITION AND ANALYSIS
In each of the four experimental conditions, both correct answers
and response times (defined as the time between the end of
the video stimulation and the button press) were analyzed with
SPSS (Version 19, IBM, Chicago, USA). To investigate the influ-
ence of expertise on the number of correct responses, a 2 × 2
mixed ANOVA with Anticipation task (Tennis Anticipation vs.
Volleyball Anticipation) as repeated measures within-subject fac-
tor and Domain of expertise (tennis experts vs. volleyball experts)
FIGURE 1 | Screenshots of all four experimental conditions. Each of the
128 video clips lasted 2.9–4.6 s. (A) Male tennis player performing a tennis
serve (Tennis Anticipation condition). (B) Female volleyball player performing
a volleyball serve (Volleyball Anticipation condition). All serve sequences
were stopped at ball–racket respective ball–hand contact. (C) Female tennis
player bouncing the ball with her racket (Tennis Observation condition). (D)
Male volleyball player bouncing the ball with his hand (Volleyball Observation
condition).
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as between-subject factor was performed. The same computation
was employed for the response times. Additionally, t-tests within
each group assessed whether the number of correct responses in
the Tennis and the Volleyball Anticipation condition were signifi-
cantly above chance level.
fMRI DATA ACQUISITION AND PREPROCESSING
The fMRI data were acquired using a 1.5 Tesla whole body scanner
(Siemens symphony, Erlangen, Germany) with a standard head
coil. The structural images consisted of 160 T1-weighted sagit-
tal images (slice thickness = 1mm, TR = 1.99 s, TE = 4.18ms,
field of view = 250 × 250mm, base resolution = 256 × 256,
orientation= sagittal). During the experiment, a total of 816 T2∗-
weighted images were collected using a gradient echo-planar-
imaging sequence (number of slices= 25, slice thickness= 5mm,
gap = 1mm, TA = 100ms per slice, TR = 2.5 s, TE = 55ms,
flip angle = 90◦, field of view = 192 × 192mm, matrix size =
64 × 64). The axial slices recorded during the EPI sequence were
oriented parallel to the AC–PC line. The onsets of the video clips
were jittered within an interval between±½TR to realize a better
sampling of the HRF function.
Functional data were processed and analyzed using SPM8
(Wellcome Department of Cognitive Neurology, London, UK).
The 816 volumes were realigned and unwarped, slice-time cor-
rected, and normalized into Montreal Neurological Institute
(MNI) space. Finally, data were smoothed with 9-mm Gaussian
isotropic filter as recommended by Worsley (2007). Furthermore,
a movement correction was employed to reduce the impact of
rapid head movements by the usage of in-house software. The
detection of outlier volumes was based on a comparison of each
volume with its two neighbors in a motion-corrected time series.
This procedure was done by calculating the mean squared differ-
ences to the previous and the next volume. The smaller difference
was used as the outlier score for each volume. Scores were thresh-
olded using Hubert and van der Veeken’s (2008) method of
calculating a skewness-corrected interquartile range. To threshold
outlier scores, the range was multiplied by 1.5 and added to the
75th percentile. Later on, the correction of outlier volumes was
done during the first-level analysis by the usage of an additional
regressor for each odd volume.
For the cerebellar data, a specific normalization method was
applied to allow a more accurate localization of activation within
the small structures of the cerebellum. Because of the low contrast
within the cerebellum in the 152 ICBM template (MNI space),
a standard whole-brain normalization as used in SPM8 leads
to a large spatial variance between participants (Diedrichsen,
2006). Therefore, we used the template of the SUIT toolbox
for SPM8 (Version 2.5.3, Institute of Cognitive Neuroscience,
London, UK), which is based on the average cerebellar anatomy
of 20 participants. This procedure preserved the fine details of the
cerebellum and improved the intersubject alignment compared
to the standard normalization (Diedrichsen, 2006). In a first step,
the automatic isolation algorithm provided by the toolbox was
used to segregate the cerebellum and the brainstem. If necessary,
the isolation maps were corrected manually based on anatomi-
cal information and were then normalized to the SUIT template
via a nonlinear transformation. The resultant deformation maps
were used to normalize the functional images of each participant.
Contrary to the whole brain data, in which normalization and the
ensuing smoothing were performed before the first-level analy-
sis, in the SUIT normalization, these steps were conducted after
the functional data had been analyzed on the single-subject level.
On the second-level, the whole-brain and the cerebellar data were
analyzed in exactly the same way.
DATA ANALYSIS
The first-level analysis was computed for each participant sep-
arately on the basis of the general linear model (GLM). The
signal was convoluted using the hemodynamic response func-
tion (HRF). The video observation of each trial in the four
conditions was covered by this HRF matching the length of
the video. Functional data were high-pass filtered with a cut-
off of 128 s to remove slow signal changes. The correct and
incorrect trials of the four different experimental conditions
(Tennis Anticipation, Volleyball Anticipation, Tennis Observation,
and Volleyball Observation) as well as the instructions and the
responses were entered into the model. Furthermore, six param-
eters resulting from the movement correction were added to
the GLM as covariates. Autoregressive processing was applied to
account for serial correlations.
In the second-level analysis, one-sample and two-sample t-
tests were conducted. To identify brain activation correlated with
the anticipation performance irrespective of the expertise of the
participants, we introduced the parameter “percentages of cor-
rect responses in both anticipation conditions” as a parameter
to the contrast Tennis and Volleyball Anticipation > Tennis and
Volleyball Observation for all 31 participants. To investigate the
role of expertise during effect anticipation, the contrast (Expertise
Anticipation > Expertise Observation) > (Novice Anticipation >
Novice Observation) was analyzed with a two-sample t-test in
both groups. In this contrast the common activation of both
groups during the anticipation of serves of the own expertise
sport compared to the sport the participants had no experi-
ence with was identified, whereas differences due to different
stimuli were controlled by considering the control conditions
(Expertise Observation and Novice Observation). For a com-
parison of the tennis experts anticipating tennis serves with
the volleyball experts anticipating volleyball serves, please see
the Supplementary Material. Additionally, we fed the covariate
“percentages of correct responses in the expertise anticipation
condition” into the contrast (Expertise Anticipation > Expertise
Observation) > (Novice Anticipation > Novice Observation) to
eliminate the influence of the anticipation performance in the
respective expertise sport on the activation in areas of the AON
identified by this contrast. More precisely, this additional regres-
sor in the design matrix specified the subject-specific information
of correct responses made during the different tasks. The respec-
tive contrast then focuses on neural activation due to expertise
during an anticipation task, partialing out activation due to the
correct responses made. Furthermore, in a second parametric
analysis, we introduced the percentages of correct responses in
the expert anticipation condition as a further covariate to the
contrast Expertise Anticipation > Expertise Observation for all
31 participants to investigate whether AON activation in the
expertise sport is correlated with the anticipation performance.
This analysis focuses on the specific effects of the covariate as
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the respective parameter estimate represents the magnitude of
the correlation between anticipation-specific activation and the
number of correct responses made.
With respect to our research questions, we were particularly
interested in brain activation within the areas of the AON, and
we expected to find activation differences within these areas
depending on expertise. Therefore, we examined a small-volume
correction with a priori defined search volumes in the AON for
all contrasts comparing the respective expertise and novice antic-
ipation conditions of the athletes. The selection of these regions
of interest (ROIs) was based on the results of Caspers et al.’s
(2010)meta-analysis and included the inferior parietal lobe (IPL),
the superior parietal lobe (SPL), the dorsal and ventral premo-
tor cortex (dPMC and vPMC), the supplementary motor area
(SMA), the somatosensory cortex (S1), and the inferior frontal
gyrus (IFG). Because Caspers et al.’s (2010) meta-analysis did not
include the cerebellum, we chose ROIs in the cerebellum that
had been reported to be activated during the execution (e.g.,
Dimitrova et al., 2006; Schmahmann et al., 2009), the observation
(e.g., Sokolov et al., 2010) and the anticipation (Balser et al., 2014)
of actions. These regions were Lobules I-IV, V, VI, VII, and VIII,
as well as Crus I and Crus II. The cerebellar masks were based on
the probabilistic atlas of the cerebellum provided by Diedrichsen
et al. (2009), whereas the masks of the cerebral cortex were based
on cytoarchitectonic data (Eickhoff et al., 2005). All masks for this
ROI analysis were created using FSL software (Smith et al., 2004)
and included voxels with an at least 50% probability of being part
of the specific regions. The statistical threshold for the ROI anal-
ysis was set at p = 0.05 (FWE-corrected). To examine whether
the expertise and the novice anticipation condition are associ-
ated with differential attention-related processes, for the con-
trast (Expertise Anticipation > Expertise Observation) > (Novice
Anticipation > Novice Observation), we compared activation in
the frontal eye field (FEF) in both anticipation conditions in a
post-hoc analysis. Therefore, we used 10-mm spheres around the
MNI coordinates suggested by Heinen et al. (2013) (MNI coordi-
nates right FEF: 31, 1, 58; MNI coordinates left FEF:−31,−3, 57)
with the same statistical threshold (p = 0.05, FWE-corrected).
RESULTS
BEHAVIORAL DATA
In the tennis anticipation condition, tennis experts gave cor-
rect answers on an average of 65.42% (SD = 10.12) of trials,
while volleyball experts reported correct responses on 61.14%
(SD = 8.46) of trials. When anticipating volleyball serves, vol-
leyball experts had a mean accuracy score of 74.19% (SD =
7.76), whereas tennis experts responded correctly on an aver-
age of 68.54% (SD = 8.05). In both groups the number of
correct responses was significantly above chance level for the
anticipation of the tennis [ttennis experts(14) = 5.90, p < 0.001;
tvolleyball experts(15) = 5.26, p < 0.001] as well as for the volleyball
serves [ttennis experts(14) = 8.92, p < 0.001; tvolleyball experts(15) =
12.59, p < 0.001]. A 2 (Domain of expertise) × 2 (Anticipation
task) ANOVAwith repeated measures for the last factor revealed a
significant interaction between both factors, F(1, 29) = 5.66, p =
0.024, η2 = 0.163 (with higher scores for correct anticipation in
each sport for the respective expert group compared to the less
experienced group), as well as a significant main effect on the
Anticipation task, F(1, 29) = 14.76, p = 0.001, η2 = 0.337 (higher
scores for correct anticipation in volleyball) (cf. Figure 2). No sig-
nificant main effect was reported for the between-subject factor
Domain of expertise, F(1, 29) < 1, ns.
Tennis experts had a mean response time of 513ms
(SD = 211) in the tennis anticipation condition and 574ms
(SD = 174) in the volleyball anticipation condition. For the vol-
leyball experts the average response times were 641ms (SD =
146) in the tennis anticipation condition and 608ms (SD = 148)
in the volleyball anticipation condition. A 2 (Domain of exper-
tise) × 2 (Anticipation task) ANOVA with repeated measures
for the last factor revealed a significant interaction between both
factors, F(1, 29) = 9.56, p = 0.004, η2 = 0.248 (faster response
of both expertise groups in their respective expertise sport).
Neither a significant main effect for the between-subject factor
Domain of expertise, F(1, 29) = 1.80 p = 0.190, η2 = 0.058, nor
for the within-subject factor Anticipation task, F(1, 29) < 1, ns,
was reported.
In the ball-bouncing conditions (Tennis Observation and
Volleyball Observation), participants were asked to press either
the left or right button depending on the instruction received
before each video. In both groups 99% of the responses were cor-
rect, indicating that all participants had maintained attention in
the Tennis Observation and the Volleyball Observation condition
during the whole experiment.
fMRI DATA
The study was designed to identify the influence of motor exper-
tise on the brain activation during the anticipation of action
effects. Based on the results of our previous study (Balser et al.,
2014), we expected stronger activation in areas of the AON when
participants anticipated the effects of actions within their domain
of expertise. Therefore, in all 31 participants the brain activation
during the anticipation in the respective expertise condition was
contrasted with the condition the participants had no experience
with. To eliminate the influence of the anticipation performance
in the respective expertise sport on the activation in areas of
FIGURE 2 | Mean percentage of correct responses in the Tennis
Anticipation and the Volleyball Anticipation condition of the tennis
experts and the volleyball experts. Bars represent SD.
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the AON identified by this contrast, a covariate “percentages of
correct responses in the expertise anticipation condition” was
introduced. In a further step, we performed two parametric anal-
yses to investigate whether activation in areas of the AON was
correlated with anticipation performance irrespective of expertise
or with the anticipation performance in the expertise sports.
Expertise-related differences in the activation of the AON during
anticipation
Based on the results of a previous study (Balser et al., 2014), we
examined the hypothesis that anticipating the effect of actions,
the observer has expertise for, is correlated with stronger activa-
tion of AON areas. To identify these differences, we compared
brain activation during the anticipation of serves in the respec-
tive expertise sport with anticipation in the type of sport the
participants were novices for. Each anticipation condition was
contrasted first with the ball bouncing condition of the same
sport resulting in the contrast (Expertise Anticipation > Expertise
Observation) > (Novice Anticipation > Novice Observation) for
all 31 participants. Because the ball-bouncing control condi-
tions contained the observation of biological movements of the
same players in the identical visual settings, the results of this
contrast reflect brain activation due to expertise-related antici-
pation and not to the mere observation of biological motion or
the button press. The within-subject ROI analysis revealed higher
activation for anticipation in the experts for the superior pari-
etal lobe (SPL), the presupplementary motor area (preSMA), as
well as for broad sections of the cerebellum: Crus I, Crus II,
Lobule I-IV, Lobule V, Lobule VI, Lobule VIIb, Lobule VIIIa and
VIIIb, Lobule IX, and Lobule X (p < 0.05, FWE-corrected) (cf.
Figure 3). The opposite contrast (Novice Anticipation > Novice
Observation) > (Expertise Anticipation > Expertise Observation)
did not reveal any significant brain activation for the novice antic-
ipation condition compared to the expertise anticipation condi-
tion. When the influence of different anticipation performance
scores in both sports was eliminated by introducing the covari-
ate “percentage of correct responses in the expert anticipation
condition” (M = 70.06%, SD = 9.94), the contrast (Expertise
Anticipation > Expertise Observation) > (Novice Anticipation >
Novice Observation) resulted in activation in the same activation
sites, as well as in an additional activation within the IFG. All
results are summarized in Table 1.
Performance-related differences in the activation of the AON
during anticipation
As we expected a performance-dependent activation increase
irrespective of expertise sport within areas that are suggested
to contain motor skill representations (e.g., posterior parietal
FIGURE 3 | In the middle of the figure: Significant brain activation in all
31 participants for the contrast (Expertise Anticipation > Expertise
Observation) > (Novice Anticipation > Novice Observation). The blue
vertical and horizontal lines indicate the slice positions. T maps were
thresholded at t = 2.00 (p < 0.05, FWE-corrected). Activation is rendered on a
high-resolution T1 template (“colin brain”) as well as on the cerebellar SUIT
template (Diedrichsen, 2006). Upper and lower part of the figure:Mean percent
signal changes and standard errors in the preSMA, the SPL, and in Lobule VI
and VIIIa of the cerebellum for the contrasts Tennis Anticipation > Tennis
Observation and Volleyball Anticipation > Volleyball Observation, separated
for both expertise groups. The signal changes were calculated by means of
the SPM toolbox rfxplot (Gläscher, 2009; http://rfxplot.sourceforge.net).
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Table 1 | Brain areas identified by the comparison of the respective expertise anticipation condition with the corresponding novice
anticipation condition in all 31 participants.
L/R X Y Z t-value SUIT Co-variate*
(EXPERTISE ANTIC. > EXPERTISE OBS.) > (NOVICE ANTIC. > NOVICE OBS.)
preSMA R 3 11 50 3.71 
preSMA L −3 −1 62 3.33 
SPL (7 PC) L −3 −79 41 3.49 
SPL (7 M) R 6 −76 38 3.19 
SPL (7 M) L/R 0 −73 32 3.21 
Cerebellum, Crus I L −30 −72 −25 4.37  
Cerebellum, Crus I L −4 −78 −27 3.11  
Cerebellum, Crus II L/R 0 −72 −31 3.95  
Cerebellum, Lobule I-IV R 26 −34 −35 3.27  
Cerebellum, Lobule V R 28 −38 −33 3.42  
Cerebellum, Lobule VI L −30 −70 −21 5.13  
Cerebellum, Lobule VI R 2 −62 −29 4.41  
Cerebellum, Lobule VI R 8 −70 −13 3.57  
Cerebellum, Lobule VIIb L −14 −68 −43 3.57  
Cerebellum, Lobule VIIb R 2 −66 −31 4.32  
Cerebellum, Lobule VIIIa L −8 −66 −39 3.52  
Cerebellum, Lobule VIIIa R 4 −62 −31 4.58  
Cerebellum, Lobule VIIIb L −8 −64 −41 3.55  
Cerebellum, Lobule VIIIb R 14 −58 −61 3.31  
Each anticipation condition was contrasted with the ball bouncing condition of the same sport (Expertise Anticipation > Expertise Observation) > (Novice
Anticipation > Novice Observation). *Same activation found when a covariate “percentages of correct responses in the expert anticipation condition” was intro-
duced. MNI coordinates, p < 0.05, FWE-corrected, ROI analysis, ROI masks thresholded at 50%, for all ROI masks used for this analysis see Section Data Analysis
at page 4.
areas, the cerebellum), in the current study, we introduced the
parameter “percentages of correct responses in both anticipation
conditions” (M = 67.39%, SD = 6.17) as a parameter to the con-
trast Tennis and Volleyball Anticipation > Tennis and Volleyball
Observation for all 31 participants. The ROI analysis revealed
that in all participants irrespective of the expertise sport a bet-
ter anticipation performance in both anticipation conditions was
correlated with stronger activation of the SPL (5 Ci, 7 P) and
Lobule VIIIa and Crus I of the cerebellum (cf. Figure 4A, for a
summary of the results, see Table 2).
To identify brain activation correlated with the anticipation
performance in the expertise sport of the participants, we intro-
duced the percentages of correct responses in the expert anticipa-
tion condition (M = 70.06%, SD = 9.94) as a parameter to the
contrast Expertise Anticipation > Expertise Observation for all 31
participants. A ROI analysis of the influence of the parameter on
this contrast resulted in a performance-related increase of activa-
tion in the SPL (5 Ci) (cf. Figure 4B, for a summary of the results,
see Table 3).
DISCUSSION
We hypothesized that the anticipation of action effects in sport
experts is associated with an increased activation in areas of
the AON and in the cerebellum as these areas are discussed
to play a crucial role in action observation, anticipation and
in motor control (Gazzola and Keysers, 2009; Wright et al.,
2010, 2011; Zentgraf et al., 2011; Abreu et al., 2012; Stadler
et al., 2012; Avenanti et al., 2013; Bishop et al., 2013; Diersch
et al., 2013; Balser et al., 2014). Furthermore, we expected a
linear performance-dependent and expertise-related activation
increase in AON areas which are primarily suggested to contain
perceptual-motor representations during the anticipation task.
On the behavioral level, the present findings replicated previ-
ous research that both expert groups outperformed the respective
novice groups with respect to the number of correct responses
concerning the early anticipation of an opponent’s action effects.
Thus, our results are in line with numerous published reports that
demonstrated an expertise effect for the anticipation performance
on a behavioral level (see, for a review, Williams et al., 2011).
Additionally, the analysis of the response times in both expertise
groups revealed a faster response of the experts in their respective
expertise sport. Such a result has already been shown by Williams
et al. (2002) in a study with tennis experts and novices. Regarding
to the authors, the faster anticipation of the experts in the exper-
tise sport is a further indication for superior anticipatory abilities.
We are therefore confident that we can interpret the current fMRI
results as a result of specific expertise differences.
Regarding the neural level, three main findings of the present
study provide support for our hypotheses. First, we show that
experts across two different expertise groups in volleyball and
tennis revealed an increased activation within broad areas of the
AON, more precisely within the preSMA, the SPL, as well as
within broad sections of the cerebellum during anticipation of
action effects of an opponent in the sport in which they had
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FIGURE 4 | (A) Brain areas showing significantly stronger activation as a
function of the number of correct responses for the contrast Tennis and
Volleyball Anticipation > Tennis and Volleyball Observation in all 31
participants (red marks). (B) Brain areas showing significantly stronger
activation as a function of the number of correct responses in serve
anticipation in the expertise sport for the contrast Expertise Anticipation >
Expertise Observation in all 31 participants (blue marks). T maps were
thresholded at t = 1.00 (p < 0.05, FWE-corrected). Activation is rendered on
a high-resolution T1 template (“colin brain”) as well as on the cerebellar SUIT
template (Diedrichsen, 2006).
Table 2 | Brain areas showing stronger activation as a function of the
number of correct responses in tennis and volleyball serve
anticipation conditions when contrasting the anticipation of serves
in both sports with the ball bouncing conditions in both sports in all
31 participants.
L/R X Y Z t-value SUIT
TENNIS AND VOLLEYBALL ANTICIPATION > TENNIS AND
VOLLEYBALL OBSERVATION
SPL (5 Ci) L −15 −34 44 2.87
SPL (7 P) R 27 −46 50 2.84
Cerebellum, Lobule VIIIa R 32 −54 −49 3.28 
Cerebellum, Crus I L −4 −78 −27 2.08 
MNI coordinates, p < 0.05, FWE-corrected, ROI analysis, ROI masks thresh-
olded at 50%, for all ROI masks used for this analysis see Section Data Analysis
at page 4.
expertise. Second, we show that irrespective of expertise the per-
centage of correct responses in the anticipation conditions is
associated with stronger activation in the SPL (Areas 5 Ci, 7 P) as
well as in the Lobule VIIIa and Crus I of the cerebellum. Third and
most important, particularly in motor experts, increasing activa-
tion of the superior parietal cortex (5 Ci) co-varies systematically
with the anticipation performance during the task.
The present results underpin the notion that the AON, espe-
cially posterior parietal sites and the cerebellum are mandatory
for the anticipation of action effects and were influenced by
the acquired motor skills of the observer (Wright et al., 2010,
2011; Bishop et al., 2013; Balser et al., 2014). The new striking
contributions to the literature are that neural activation within
Table 3 | Brain areas showing stronger activation as a function of the
number of correct responses in serve anticipation in the expertise
sport when contrasting the anticipation of serves in the respective
expertise sport with the ball bouncing condition in the
corresponding expertise sport in all 31 participants.
L/R X Y Z t-value SUIT
EXPERTISE ANTICIPATION > EXPERTISE OBSERVATION
SPL (5 Ci) L −15 −34 44 2.27
MNI coordinates, p < 0.05, FWE-corrected, ROI analysis, ROI masks thresh-
olded at 50%, for all ROI masks used for this analysis see Section Data Analysis
at page 4.
the cerebellum and the SPL is linearly correlated with an expert’s
anticipation performance and that these effects also occur when
using a very conservative experimental condition as both exper-
tise groups saw the same stimuli. Customarily, in the field of
action anticipation, expertise studies compare the performance of
experts in a specific domain with novices who do not exhibit any
specific anticipation expertise. The present study differs markedly
from prior studies. Here we compared two expert groups who
both were defined by extraordinary anticipation skills in their spe-
cific domain of expertise but who were at the same time novices
for the other sports. This comparison allows us to study very
specific effects concerning the individual motor experience in a
within-subject design. Therefore, these data conclusively support
the notion that the AON as well as cerebellar areas responded
to the stimuli in a way that depends on the observer’s domain-
specific motor expertise what suggests that anticipation of action
effects recruits areas of this network depending on the very
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specific representations of the observedmovement in the subject’s
personal motor repertoire. The following sections will discuss
these findings and their implications in more detail.
PERCEPTUAL AND MOTOR EXCELLENCE IS LINKED TO ACTIVATION
WITHIN THE AON DURING EFFECT ANTICIPATION
The process of an appropriate reaction to an opponent’s action
outcome comprises several computations in the motor system.
First, one is requested to accurately predict the consequence of
the observedmotor action. Second, one has to combine these pre-
dictions with the own body state. Third one has then to plan a
reaction to the opponent’s behavior. Especially the function of an
accurate prediction corresponds well to activation within regions
of the AON (Wright and Jackson, 2007; Gazzola and Keysers,
2009; Urgesi et al., 2010; Wright et al., 2010, 2011; Zentgraf et al.,
2011; Abreu et al., 2012; Stadler et al., 2012; Avenanti et al., 2013;
Bishop et al., 2013; Diersch et al., 2013; Balser et al., 2014). The
present data revealed that both expert groups outperformed the
respective novice groups with respect to the number of correct
responses. These effects are accompanied on the neural level with
an increased activation within the SMA, the SPL, as well as within
sections of the cerebellum what is in line with broad body of liter-
ature (Stadler et al., 2011; Wright et al., 2011; Abreu et al., 2012;
Bishop et al., 2013; Balser et al., 2014). For example, a recent
study by Balser et al. (2014) demonstrated that tennis experts
performed better than novices on different tennis anticipation
tasks, with the experts showing stronger neural activation in areas
of the AON, namely, the superior parietal lobe, the intraparietal
sulcus, the inferior frontal gyrus, and the cerebellum. Similarly,
Bishop et al. (2013) showed an expertise effect by demonstrat-
ing increased cerebellar, cingular and basal ganglia activation for
experts during the prediction of the opponent’s actions. The find-
ings of Bishop and colleagues and the present results show that
the perceptual, motor and cognitive superiority of an expert is
clearly linked to increased activation within areas involved in
action perception andmotor control. On this background, a para-
metric analysis of the present data revealed that the activation
within the Area 5 Ci of the superior parietal activation site and
Lobule VIIIa and Crus I of the cerebellum are linearly asso-
ciated with the anticipation performance irrespective of motor
expertise. When comparing effect anticipation in the expertise
sport with the observation condition, the parametric relation-
ship between the performance and neural activation still holds
for the superior parietal site (Area 5 Ci). This differential involve-
ment of the SPL reflects the performance of motor experts in the
expertise-related anticipation task: a better anticipation perfor-
mance in the expertise sport is related to an increased activation
within this region.
PARIETAL CONTRIBUTIONS TO THE ANTICIPATION OF ACTION EFFECTS
Regarding the posterior parietal cortex, researchers have revealed
over the last decade that this area is not only related to higher-
order sensory analysis but also plays an important role in motor
control (Fogassi and Luppino, 2005; Vesia et al., 2006). For exam-
ple, it is crucial for visually guided actions. The activation of
the SPL is related to the on-line control for reaching, grasping
or pointing movements (Grafton et al., 1992, 1996; Culham and
Valyear, 2006). In this regard, it was demonstrated that with the
growing accuracy demands of an executed aiming task, neural
activity within this area increases in line with increased visuo-
motor processing demands (Winstein et al., 1997; Fiehler et al.,
2008), which suggests that the increased activation of posterior
parietal sites like the SPL reflects the importance of the target
representation when the planned movement comprises a target
region. A further functional issue of the SPL is the storage of
internal models and action representations which are mandatory
for action prediction (Winstein et al., 1997; Wolpert et al., 1998a;
Miall, 2003; Rizzolatti and Matelli, 2003).
In the present study, we found a performance-related acti-
vation increase in the medial section of the SPL irrespective of
motor expertise as well as when comparing the anticipation of
serves in the respective expertise sport with the ball bouncing
condition in the corresponding expertise sport. Thus, the SPL
activation is strongly related to anticipation performance in each
participant and depends on the observer’s domain-specific motor
repertoire. It is likely that the activation within this area, which
is functionally associated with visuomotor representations and
motor prediction, accompanies the higher-order perceptual and
anticipation skills seen in elite athletes, particularly in fast ball
sports like tennis and volleyball where a precise coding of spatial
information with respect to a target is required. It can be argued
that in the present anticipation task, motor expertise seems to
enhance the use of these specific internal perceptual-motor repre-
sentations which are built up through years of training in a certain
field of sports.
Another line of research demonstrated activation in the SPL
when participants had to initiate movements based on prior
expectations (Imamizu and Kawato, 2008). More precisely, it was
concluded that the SPL associates contextual information with an
appropriate internal model processed in the cerebellum to predict
the consequences of an action. It can be argued that experts build
up a very specific representation of the contextual framework,
such as the opponent’s position and its surrounding, which is
strongly depending on the type of sports. Within this framework,
several researchers have shown that experts improve their antic-
ipation performance when they are provided with contextual,
game-related information (Crognier and Féry, 2005; McPherson
and MacMahon, 2008; McRobert et al., 2011). Thus, an alterna-
tive explanation for the SPL activation pattern within the present
study could be that experts use such specific contextual informa-
tion during the anticipation of their opponent’s behavior what is
particularly reflected by the expertise- and performance-related
increase of the SPL activation.
CEREBELLAR CONTRIBUTIONS TO THE ANTICIPATION OF ACTION
EFFECTS
As for posterior parietal areas, neurophysiological and computa-
tional studies have demonstrated the cerebellum as a principal
brain structure for the storage of internal forward models that
predict action outcomes and therefore support predictive motor
control (Wolpert et al., 1998b; Imamizu et al., 2000; Bastian,
2006; Miall and King, 2008; Synofzik et al., 2008). We found that
besides the neural activation within the SPL the activation within
the cerebellum co-varies systematically with the anticipation
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performance irrespective of the specific motor expertise. These
results are nicely in line with our previous data which reported
that activation of parts of the cerebellum co-varies with the antic-
ipation performance irrespective of the motor expertise (Balser
et al., 2014). However, the present study expands this finding as
this relationship also holds for a within-subject design with two
expert groups who both were defined by extraordinary anticipa-
tion skills in their specific domain of expertise but who were at
the same time novices for the other sports.
It is argued that the cerebellum might house the so-called for-
ward models (Wolpert et al., 1998b; Imamizu et al., 2000; Bastian,
2006; Miall and King, 2008; Synofzik et al., 2008) that are predic-
tive on their part and, therefore, estimate the anticipated sensory
outcome of an action (Miall and Wolpert, 1996; Wolpert and
Flanagan, 2001). A recent study in cats, for example, showed that
neuronal discharge in the lateral cerebellum predicts the motion
of a moving external target (Cerminara et al., 2009). These data
suggest a connection between a forward model, which predicts
the sensory consequences of one’s own actions, and a model that
could predict the actions of others which has its neural substrate
in the cerebellum. The authors reasoned that the measured neu-
ral discharge might be used in a predictive capacity for target
interception. Extrapolating these data to the present results, it can
be suggested that in both, volleyball and tennis, participants are
required to predict the effect of an opponent’s motion on ball tra-
jectory (Yarrow et al., 2009) by using forward models that allow
a rapid processing of incoming sensory stimuli. This offers the
acting individual a clear advantage in producing a quick motor
response which is mandatory in both sports.
DIFFERENTIAL INVOLVEMENT OF CEREBELLUM AND SPL DURING
ACTION ANTICIPATION
The present results demonstrate a differential involvement of
cerebellar and superior parietal areas. Whereas the cerebellum
shows a performance dependent activation increase irrespective
from expertise, the superior parietal cortex shows a performance
and expertise related activation increase. Thus, it seems reason-
able to conceive a differential involvement of both structures
in action anticipation. Imamizu and Kawato (2008) argued that
the SPL associates contextual information with an appropriate
internal model located in the cerebellum to predict the conse-
quences of an action. Furthermore, it has been suggested that
internal models are acquired in the cerebellum and top–down
context information from the SPL to the cerebellum contributes
to predictive switching between internal models (Imamizu and
Kawato, 2008). We suggest that the expertise and performance
dependent activation within the SPL reflects the processing of
domain-specific contextual information (e.g., using a racket or
not to hit the ball) and leads specifically to increased resonance
in the expert’s SPL. The activation of the cerebellum, however,
reflects the usage of a predictive internal model to solve the antic-
ipation task which is required for both anticipation tasks in the
present setting.
POTENTIAL LIMITATIONS
In the present study, we examined scenes from fast ball games that
require quick responses under time pressure. The anticipation
of respective action effects in tennis and volleyball include short
time windows that are typical for fast ball sports but different to
everyday anticipation problems. In our case, participants had to
predict distal action effects of an opponent that were at the same
time relevant for a selection of own motor responses. The present
data, therefore, might not hold for all possible types of anticipa-
tion, like the anticipation of in-animated events (Schubotz, 2007)
or the anticipation during serial prediction tasks and arbitrary
stimulus-response mappings (Wolfensteller et al., 2004).
One possible flaw in the interpretation of the present data is
related to the performance-related activation increase in the SPL
we found when comparing the anticipation of serves with the ball
bouncing condition within the respective expertise sport as well as
when comparing both conditions irrespective of motor expertise.
To control for effects due to visual stimulation and the obser-
vation of biological movements, we contrasted the anticipation
conditions with observation only conditions without an explicit
instruction for anticipation. Although the anticipation and the
observation only conditions were comparable concerning the
depicted models, the sports hall background, the perspective
of the camera and the fact that all conditions involved the
observation of biological movements that included a ball, both
conditions possibly resulted in differential attentional demands.
Therefore, we cannot preclude that the posterior parietal acti-
vation is also associated with attention-related processes, as the
posterior parietal areas has been shown to be involved in directing
spatial attention and in disengaging and maintaining attention
to visual and tactile stimuli (Posner et al., 1984; Pardo et al.,
1991; Corbetta et al., 1993; Halligan et al., 2003; for a review,
see Rushworth et al., 2003). However, the comparison of high
expertise effect anticipation with low expertise effect anticipa-
tion [(Expertise Anticipation > Expertise Observation) > (Novice
Anticipation > Novice Observation)] revealed activation in the
SPL as well. In this contrast, before both anticipation conditions
were compared, they were contrasted with the respective observa-
tion only condition in a first step. As prospective attention-related
differences between the anticipation and the observation only
conditions were supposed to be comparable in high and low
expertise sport, the influence of the observation only condition
concerning attention-related phenomena was minimized. Thus,
activation differences in the SPL cannot be assigned to differ-
ences in the attention demand between the anticipation and the
observation only conditions but to anticipation processes that are
modulated by expertise. Furthermore, it has also been argued
that the SPL is not the key structure in disengaging attention
and further attention-related processes (Corbetta et al., 1995;
Rizzolatti et al., 1997; Friedrich et al., 1998). In fact, Rizzolatti
et al. (1997) state that the SPL plays a decisive role in the process-
ing of sensory and motor signals in the context of somatosensory
integration. Additionally, we examined the activation in the FEF
for the comparison the expertise and the novice anticipation
condition ((Expertise Anticipation > Expertise Observation) >
(Novice Anticipation > Novice Observation)) in a post-hoc anal-
ysis. The FEF has been shown to be involved in attention-related
eye movements (Bosch et al., 2013; Squire et al., 2013) and in the
allocation of attention in a visual scene (Corbetta and Shulman,
2002; Heinen et al., 2013; Ronconi et al., 2014). The fact that we
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found no differences in the activation of the FEF between both
anticipation conditions indicates that the stronger activation in
the expertise sport is not due to differences in attention-related
processes.
CONCLUSION
We conclude that neural activation within several sections of the
AON, especially within the superior parietal as well as within
the cerebellar cortex, is associated with action anticipation per-
formance in sport experts. The present data suggest that the
AON, including cerebellar areas, responded to the stimuli in a
way that depends on the domain-specific representation of the
observed action in the subject’s personal motor repertoire as well
as on the achievement in this task. The present results extend
the literature and findings from our previous work by using a
very conservative design to show that especially neural activa-
tion within the SPL and the cerebellum is linearly associated
with the task achievement, irrespective of the specific expertise.
For the SPL, this relationship holds when an expert performs a
domain-specific anticipation task. We consider that this activa-
tion pattern reflects that posterior parietal as well as cerebellar
areas are the predominant brain sites that supposed to be involved
in fast motor prediction. We suggest that the SPL reflects the pro-
cessing of domain-specific contextual information (e.g., using a
racket or not to hit the ball) and the activation of the cerebel-
lum reflects the usage of a predictive internal model to solve the
anticipation task.
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